Hematite is a promising semiconductor for photoelectrochemical water splitting owing to its ideal band gap, nontoxicity, abundance, and chemical stability. However, the conversion efficiency remains less than its theoretical limit, which is in part due to a low carrier density. Although efforts have been made to increase the carrier density by incorporating appropriate donor dopants, structural instability caused by high donor doping has restricted the enhancement achieved and the resulting photocatalytic performance. Herein, we used density functional theory calculations to show that an enhanced carrier density and photocatalytic performance can be achieved without causing structural instability by using a donor-donor codoping strategy to introduce a 3d transition metal (Ti/V) and Si into hematite. Despite the Coulombic repulsion among the electrons from donors, the Coulombic attraction between donors with an oxidation number of +4 (Ti 4+ /V 4+ ) and negatively charged small polarons contribute to a strong binding energy. The compensatory binding energy stabilizes the crystal structure and thus increases the density of carriers, most of which are small polarons. We also suggest that the carrier density can be further enhanced by increasing the ratio of Si interstitial doping, which produces four times more polarons than Si substitutional doping under experimental conditions of high temperature and low oxygen partial pressure. Our findings pave a way for an environment-friendly and efficient photocatalysis toward improvement of hydrogen fuel generation.
Introduction
Solar energy has attracted much attention as an alternative energy resource, and research on the photoelectrochemical (PEC) water splitting reaction has recently focused on finding efficient semiconductor materials. Hematite (α-Fe 2 O 3 ) is a promising photocatalyst owing to its ideal band gap of 2.2 eV [1, 2] , which is appropriate for photoexcitation under visible light. This material also has other advantages such as nontoxicity, abundance, and chemical stability. However, the energy conversion efficiency of hematite cannot approach the theoretical efficiency of 12.9% [3, 4] owing to a fast recombination rate [5] , a short hole diffusion length [1, 6] , and a low carrier mobility [7] .
As a method to improve the PEC performance of semiconductors, impurity doping with various elements, such as Ti [8] [9] [10] [11] [12] , Si [10, [13] [14] [15] , Al [16, 17] , Cr [12, 18] , and Sn [13, [19] [20] [21] [22] , has been shown theoretically and experimentally to compensate for these disadvantages by adjusting the band edge or increasing the carrier concentration. In previous studies, it was reported that polaron formation by doping could improve the conductivity of hematite [23, 24] . For example, dopants such as Ti, Si, and Sn, which act as electron donors, can generate small polarons by reducing Fe 3+ to Fe 2+ and thus increase the electrical conductivity via a polaron hopping mechanism [9, 10, 13, 19] .
Since small polaron hopping is believed to be the main electron conduction mechanism in hematite [19] , it is assumed that an increased doping concentration will enhance the small polaron doping level, thereby enhancing the electrical conductivity and energy conversion efficiency. However, the experimental doping concentration is limited by strong lattice distortion because both the dopants and the formation of small polarons cause structural instability. Lattice distortion can also reduce the mobility of polarons by increasing the activation energy of polaron hopping. This problem can be solved by using a codoping method. Codoping is an effective strategy for increasing the dopant solubility or carrier mobility through synergetic effects between two different dopants [25, 26] . Thus, finding ideal codopants that provide additional structural stability to reduce the lattice distortion can allow the doping concentration to be further increased, resulting in an improved electrical conductivity and energy conversion efficiency. Codoping of an electron donor and an electron acceptor is typically used owing to charge compensation effects, but this approach sacrifices enhancements to the carrier concentration because of recombination. Thus, an alternative method to donor-acceptor codoping is required to increase the charge concentration without introducing structural instability for high photochemical catalytic performance.
In this study, we used density functional theory (DFT) calculation to reveal an ideal codoping method for increasing the carrier concentration of hematite. This codoping strategy involved donor-donor doping with a 3d transition metal as a host dopant and Si as a guest dopant. To investigate and understand the doping effect, we carried out electronic and structural analyses by comparing formation energies, binding energies, and partial charge densities. From the calculation results, we found that Coulombic attraction between Ti or V donors and relatively negatively charged polarons can stabilize the system by as much as 1.0 eV. The resulting structural stability is similar to the charge compensation achieved in donor-acceptor codoping but without the effect of recombination. Therefore, we suggest that donor-donor doping of host (Ti/V)-guest (Si) dopants can increase the guest doping concentration without decreasing the carrier concentration, resulting in a highly improved electrical conductivity and PEC performance. The host donors can also increase the ratio of Si interstitial doping, which drastically increases the polaron density. Our results provide guidance for donor-donor codoping with exceptional Coulombic attraction in metal oxides.
Calculation methods
Si and various 3d transition metals (denoted as M) were used as a guest dopant and a host dopant, respectively, to identify the synergetic effect of Si-M pairs in terms of the structural stability of hematite. The host doping effect was confirmed by comparing the formation energy of each (M, Si) codoping system with the formation energy of Si monodoping. When the host M is substitutionally doped in the Fe 2 O 3 unit cell containing 12 Fe atoms and 18 O atoms, there are 11 symmetrically distinct substitutional doping sites and 6 interstitial doping sites for the guest Si ( Fig. S1a ). Various factors can contribute to the structural stability. For example, as discussed in Section 3, a different polaron distribution can provide some stabilization by changing the electrostatic repulsion between polarons. Therefore, to minimize the effects of these factors, we considered only one codoping configuration. The most stable configurations in the (Ti, Si) codoping system were used for the calculations, as shown in Fig. 1 for guest Si substitutional (Si sub ) and interstitial doping (Si inter ).
The formation energy (ΔE f ) was calculated to identify the structural synergetic effects. The formation energies for Si sub and Si inter monodoping are expressed as follows [13] : In the cases of Si sub and Si inter codoping with M, the formation energies are given as follows: 
As the codopants do not bond directly to each other in our calculations, the binding energy indicates the degree of stabilization associated with codoping. Combining Eq. (5) with the formation energy equations (Eqs. (1)-(4)) gives:
Eq. (6) is equivalent to the difference between the formation energies for (M, Si) codoping and Si monodoping. Thus, the binding energy represents the strength of any additional structural effects such as attraction (positive value) or repulsion (negative value) in the codoping system relative to the Si monodoping system. In this study, we only focused on O-rich growth conditions because the formation energy difference between the codoping systems is consistent in both O-rich and Fe-rich conditions. Under O-rich condition, the chemical potential of oxygen (μ O ) is half of the total energy of an O 2 molecule. However, owing to the O 2 overbinding error in the generalized gradient approximation (GGA) function [28] , we used the total energy of O 2 corrected by the experimental O 2 binding energy of -5.23 eV [29] , and μ O was determined to be -4.16 eV. Under O-rich conditions, the chemical potentials of Fe (μ Fe ) and Si (μ Si ) should satisfy the following restriction conditions.
where E(SiO 2 ) is the total energy of the bulk SiO 2 structure. All calculations were performed at 0 K and 10 5 Pa, but other conditions can be considered by using various equations related to μ O [29, 30] . As μ Fe and μ Si are determined by μ O in accordance with the restriction conditions, a change in μ O with temperature T and oxygen partial pressure p results in a change in the formation energy. The equation for μ O at a certain T and p is given as follows:
where μ O2 is the total energy of an O 2 molecule. ΔH and ΔS are the enthalpy and entropy changes, respectively, per molecule between T and 0 K at the standard pressure (1 bar), and are taken from thermochemical tables [31] . We defined the additional terms associated with the enthalpy, entropy, and pressure as μ O ' .
All calculations were performed within the framework of spin-polarized DFT using the Vienna ab initio simulation package (VASP) code [32] . The projector augmented wave (PAW) method was employed to describe the ion-electron interactions [33] . Exchange correlation was considered using the Perdew-Burke-Ernzerhof (PBE) GGA [34] . The cut-off energy for the plane wave basis set was 500 eV to expand the electronic wave function, and a Monkhorst-Pack k-point mesh [35] of 4 × 4 × 1 was used for all (1 × 1 × 1) doping structures. The ionic positions were relaxed until the Hellmann-Feynman forces reached 0.01 eV/Å. Because of the strongly correlated 3d states in transition metal oxide systems, we used the GGA + U framework to correct for electron self-interactions [28] . The U-J values of all the 3d transition metals were set to 4.2 eV for good agreement with the experimental band gap of α-Fe 2 O 3 (2.2 eV) [1, 2] (Fig. S1b and c) and we tested U-J value dependence via reported U-J values in literature for each metal but no significant differences are found (See Table. S1 and reference therein). The hexagonal unit cell of α-Fe 2 O 3 was fully relaxed with layered antiferromagnetic ordering [36] and the calculated lattice parameters of pristine hematite were a = b = 5.07 Å and c = 13.88 Å, consistent with the experimental values of a = 5.04 Å and c = 13.75 Å [37] . The dielectric function calculations were based on the independent-particle approximation to compare optical properties between the pristine system and doping system.
The number of excess electrons that were transferred from dopants to the surrounding Fe atoms was determined from the change in the calculated magnetic moments and the bader charges of the Fe atoms. The transfer of an electron didn't only decrease the magnetic moment of Fe by reducing Fe 3+ with five d electrons to Fe 2+ with six d electrons, but also made the Fe less positively charged. Therefore, we determined the number and positions of the excess electrons by identifying reduced Fe atoms with a magnetic moment that was smaller than that of Fe 3+ and higher bader charge than other Fe 3+ atoms (Table. S2 and S3).
Results and discussion
The codoping systems were divided into three types depending on the oxidation state of the host. The number of excess electrons and the formation energy of each (M, Si) codoped hematite are shown in Fig. 2 . Because guest Si is an electron donor that prefers a 4+ charge state, Si sub doping releases on excess electron and Si inter doping releases four excess electrons to the surrounding Fe atoms. However, in the case of codoping with host Mn, Co, Ni, Cu, and Zn, zero electrons are observed for Si sub doping and three electrons for Si inter doping (Fig. 2a ). This observation means that one electron released by Si flows to the host metal, not the Fe atoms. Thus, the corresponding 3d transition metals act as electron acceptors and exist in a 2+ state (Fig. 2, blue region) . For the same reason, in the case of codoping with the same number of excess electrons as in Si monodoping, the host metals have 3+ states (Fig. 2 , white region, M = Sc, Cr). Furthermore, in the case of codoping with one more electron than in Si monodoping, the hosts act as electron donors and have 4+ states in hematite (Fig. 2 , yellow region, M = Ti, V). We defined the codoping systems with hosts of 2+, 3+, and 4+ states as A-D (acceptor-donor), N-D (none-donor), and D-D (donor-donor), respectively.
Counterintuitively, we found that the D-D group with the most excess electrons provided structural stabilization. Obviously, increasing the amount of excess electrons will destabilize the structure through repulsive forces. Thus, it was expected that the formation energies would increase as the amount of excess electrons increased, i.e., A-D < N-D < D-D. However, D-D had an unexpectedly low formation energy and the formation energies increased in order of A-D < D-D < N-D (Fig. 2b) . The binding energies also indicated that D-D codoping causes increased structural stability, similar to the charge compensation effect observed for A-D codoping (Fig. 3) . Thus, in D-D codoping, Ti and V hosts provide some structural stabilization effect.
To investigate the stabilization effect induced by host Ti/V and guest Si codoping, the electronic properties of the Ti/V monodoping systems and the polaron distribution in each type of codoping system were analyzed with respect to the binding energy. First, the band structures, partial charge densities and projected densities of states (PDOS) showed that electrons released from Ti and V are present as small polarons in hematite. Fig. 4b displays the band structure of hematite with an arbitrarily generated small polaron. Unlike the original hematite band structure and PDOS pattern with a completely empty band gap of 2.2 eV (Fig. S1b) , a highly localized polaron state is observed below the Fermi level (Fig. 4b, blue line and c) . The partial charge density of the localized state, as shown in Fig. 4a , supports the suggestion that a polaron contributes to this state. Interestingly, with Ti and V monodoping, each band structure has a localized defect state at the same position as the undoped polaron band ( Fig. 4e and h, blue  lines) . The partial charge density distribution of each localized state reveals a small polaron localized on an Fe atom with a reduced magnetic moment ( Fig. 4d and g) In addition, the PDOS indicates that the defect states are originated from Fe, not dopants, which means the electrons transferred from the Ti and V to Fe contribute to the formation of polaron ( Fig. 4f and i) . Thus, similar to Si doping, Ti or V doping generates a small polaron, which contributes to increasing the carrier concentration. The polaron distributions were also compared using partial charge densities to confirm the polaron dispersion effect on reducing repulsion. As all the systems used the same codoping configuration, each type of codoping structure had the same polaron distribution (see Fig. S2 for Si sub and Fig. S3 for Si inter ). Interestingly, for Si inter doping, the codoping structures exhibited different polaron distributions than the Si monodoping structure. To emphasize the difference between the polaron positions for Si inter doping and (Ti/V, Si inter ) codoping, the corresponding polarons are shown in green in Fig. 5 . The polaron is located directly above the Si dopant in the Si monodoping system (Fig. 5b, green) , but moves to an adjacent Fe site in the same layer in the D-D system (Fig. 5a, green) . We considered three possible origins for the stabilization resulting from D-D codoping, namely, the polaron distribution effect, interaction between the guest and the host, and interaction between the polarons and the host.
The first candidate, the polaron distribution effect, decreases the repulsion between polarons, but this effect is not sufficient to explain the observed binding energies. When the D-D polaron distribution was applied to the Si inter monodoping system by moving the green-colored polaron (Fig. 5c) , the system was stabilized by 0.34 eV owing to the reduction in repulsion. As shown in Fig. 5 , for Si inter doping, the polaron generated by Ti or V doping was located under Si, where the other polarons were gathered. Owing to this additional polaron, strong repulsion was observed in the D-D system. However, because of the positive binding energy of the D-D system, the stabilization induced by host doping must be larger than the repulsive force. However, the polaron distribution effect of 0.34 eV for Si inter doping was not large enough to account for the observed binding energy of 1.0 eV, and this effect was not seen for Si sub doping. Therefore, the polaron distribution effect is not main factor responsible for the exceptional stabilization in D-D system.
Besides the fact that the host doping effect was only observed in the D-D system, there was no additional evidence of an interaction between the guest and the host. If such an interaction made a significant contribution to the stabilization, the binding energy should be related to the distance between the codopants. Thus, we calculated the binding energies of all the possible (Ti, Si) codoping configurations with various distances between the codopants in hematite unit cell, but no relationship was observed between the binding energy and the distance (Fig. S4) . Thus, we can conclude that the exceptional structural stability in the D-D system results from an interaction between the polarons and the host (Fig. 6) .
This interaction is associated with the charge density of each polaron and the host in hematite. Ti 4+ and V 4+ formed by donating electrons to Fe atoms are more positively charged than the surrounding Fe 3+ . Furthermore, the small polarons localized around the Fe atoms that received electrons from the dopants are relatively negatively charged with high charge densities. There is electrostatic attraction between the oppositely charged hosts and the polarons, and this interaction reduces the repulsion between polarons. The highly positive binding energy of the D-D codoping system indicates that the effect of this attraction is much larger than that of the additional repulsion caused by electron transfer from the hosts. Thus, the electrostatic attraction between the negatively charged polarons and positively charged hosts contributes significantly to stabilizing Si doping in the codoping system. As a result, the preferential formation of a 4+ charge state by Ti and V in hematite results in both the formation of additional polarons and an increased Si doping concentration. Therefore, the use of a host dopant with a different oxidation state from that of Fe atoms is a key factor for achieving a strong electrostatic attraction, which allows enhancement of the carrier concentration and guest Si doping concentration in hematite. The Ti and V hosts provided a stable environment for polaron formation. In particular, the additional formation of two and five polarons for Si sub and Si inter codoping [38] , respectively, will result in a great increase in the carrier concentration. In a previous experimental study, an increase in carrier concentration was observed with (Ti, Si) codoping [39] . Zhang et al. suggested that Si and Ti codoping enhanced the donor concentration compared with Si and Ti monodoping by balancing the ion radius difference. However, they did not provide evidence for this size effect and instead focused on improving the PEC performance by codoping. Based on our analysis of the synergetic effects in various codoping systems using DFT calculations, we suggest that the carrier concentration enhancement observed in the (Ti, Si) codoping system was caused by an interaction between polarons and Ti 4+ .
The doping effect on the optical property was identified by comparing the frequency-dependent imaginary parts of the dielectric functions for pristine, Siinter monodoped and (Ti, Siinter) codoped hematite (Fig. S5 ). In the energy range from 2 eV to 11 eV, broad energy peaks of all systems have a similar shape, but the two doping systems with the lower peak heights have lower optical absorption than the pristine hematite. The Si inter monodoping shows a peak in lower-energy region of visual light at 1.6 eV, but the peak disappears when codoped. It indicates co-doing may not be helpful for visual light absorption improvement. However, the optical properties were calculated in the simplest way, neglecting excitonic effect and local-field correction. Therefore, it is necessary to further verify the optical properties using a more accurate method and experiments.
Although the Ti and V hosts stabilized Si inter doping by as much as 1.0 eV, the formation energy of Si inter doping remained high. However, as the formation energy was calculated at 0 K and 1 bar, it could be much lower under actual experimental conditions. Fig. 7 shows the formation energies for Si monodoping and (Ti/V, Si) codoping at 1300 K under various oxygen pressures. Experimental conditions of high temperature and low oxygen pressure with the Ti and V hosts reduced the formation energy of Si inter doping. Although the formation energy of Si sub doping was still lower than that of Si inter doping, as the formation energy of Si inter doping decreased faster than that of Si sub doping with the decrease in oxygen pressure, the difference between the formation energies of Si sub and Si inter doping was reduced and a higher Si inter doping ratio can be achieved. Therefore, by using a high temperature and a low oxygen pressure, we can maximize the Si inter doping effect to increase the carrier concentration.
Conclusion
In summary, we analyzed the electronic and structural properties of 3d transition metal host dopants and Si guest dopants in hematite using DFT calculations. Among the transition metals considered, Ti 4+ and V 4+ hosts exhibited a synergetic effect that stabilized the guest electron donor via an unusually large electrostatic attraction between the host 6 . Schematic illustration of the Coulombic attraction between polarons and a host dopant. The polarons with high electron densities are relatively negatively charged and the electron donor host is relatively positively charged, resulting in attraction between the polarons and the host, which stabilizes the D-D codoping system. dopants and the negatively charged polarons. Unlike A-D codoping, which stabilizes guest doping (D) but does not increase the carrier density, D-D doping using a Ti 4+ or V 4+ (D) host can concurrently increase the electron polaron density and stabilize guest doping (D), thus further increasing the carrier density in a stable way. The formation energies calculated under various conditions indicated that the (Ti/ V, Si) codoping strategy is experimentally feasible and becomes more efficient at high temperatures and low oxygen pressures. Our results suggest that Ti/V hosts, as unusual electron donors that stabilize electron polarons, will aid greatly in improving carrier concentrations owing to increases in both the guest doping concentration and polaron density. Our findings suggest an environmentally friendly way for efficient photocatalysis and can contribute to improved hydrogen fuel generation.
Declaration of Competing Interest
None. 
